Isogenic strains containing insertional disruptions of 10 Haemophilus influenzae Rd genes were investigated for their effects on the susceptibility of the organism to various classes of antimicrobial compounds. MIC results show that HI1462, which encodes an Escherichia coli TolC homolog, is the third component of the H. influenzae AcrAB pump.
Efflux pumps are of interest to the medical community because of their contributions to clinical antibiotic resistance, and they are of interest to the pharmaceutical industry as targets for the development of inhibitors that enhance antibiotic potency and spectrum. This study was undertaken to inactivate putative Haemophilus influenzae efflux pump homologs and determine their susceptibility profiles with selected antibacterial compounds. The availability of complete genome sequence data has allowed the systematic prediction of efflux pumps based on sequence homology. Paulsen et al. (8) performed a phylogenetic analysis of membrane transport systems across 36 sequenced organisms and have provided a compiled list of transporters categorized by protein family and transporter type that can be accessed at the Genomic Comparison of Membrane Transport Systems database (http://www.66.93.129.133 /transporter/wb/index2.html). According to this database, H. influenzae contains six predicted multidrug efflux pumps: the major facilitator superfamily pumps encoded by HI0135 (ydeA), HI0852 (yieO), HI0897 (emrB), and HI1242 (bcr); a multidrug and toxic compound extrusion family pump encoded by HI1612 (norM); and a resistance nodulation-cell division superfamily (RND) pump encoded by HI0895 (acrB). HI0897 has been shown to be essential in H. influenzae and was not included in this study (1) . Additional pumps studied included the membrane fusion protein HI0894 (acrA) (9) and the emrA homolog HI0898 (5) . The contributions of the putative repressor of the acrAB genes encoded by HI0893 (acrR) (7) and HI0251 (tonB), which encodes a homolog of the tonB gene that has been shown to influence drug efflux pumps in Pseudomonas aeruginosa (12) , were also investigated. It was thought that the inactivation of the acrR gene may increase resistance to those drugs to which the acrA-and acrBinactivated strains have increased sensitivity.
The RND efflux pumps are tripartite pumps facilitating the efflux of compounds directly into the external medium rather than into the periplasm. In Escherichia coli, the AcrAB efflux pump is composed of the inner membrane transporter AcrB, the membrane fusion protein AcrA, and the outer membrane channel protein TolC (4, 6) . The H. influenzae homologs of AcrA (HI0894) and AcrB (HI0895) have been shown by Sanchez et al. (9) to function as efflux genes. In that work, these investigators describe the disruption of the H. influenzae acrA and acrB genes and show the increased susceptibilities of these mutants to several antimicrobial compounds. However, no information demonstrating that the third component of the AcrAB pump exists in H. influenzae has been published to date. A putative TolC homolog (HI1462) sharing 21% sequence identity and 36% protein similarity with E. coli TolC has been identified in H. influenzae both by our own homology search and by a homology search published in Sharff et al. (10) . In total, 10 genes were subjected to transposon mutagenesis for insertional inactivation, and the resulting strains were then evaluated for their susceptibilities to different classes of antimicrobial compounds.
A 3-kb region containing a targeted efflux gene and its flanking sequences was amplified from H. influenzae Rd genomic DNA (ATCC 51907) with primers designed to hybridize approximately 1,000 bp upstream and downstream of the target gene (Table 1) . Following PCR amplification with BRL Platinum Taq (94°C for 5 min [1 cycle]; 94°C for 30 s, 55°C for 1 min, and 72°C for 3 min [30 cycles]; and 72°C for 5 min [1 cycle]), the resulting PCR product was subjected to in vitro transposon mutagenesis with the Epicentre EZ::TN ϽKAN-2Ͼ insertion kit and transformed directly into M-IV chemically competent cells of H. influenzae as described by Barcak et al. (2) . Recombinant colonies were selected on Difco brain heart infusion medium supplemented with 5% Fildes enrichment (sBHI) and 30 g of kanamycin/ml. Individual colonies were then screened by PCR for the presence of a transposon inserted within the first 25% of the target gene. DNA sequencing (Applied Biosystems) confirmed each insertion site. The susceptibility profiles of the 10 isogenic H. influenzae strains were determined by using 24 antimicrobials, dyes, and detergents that have been reported to be efflux pump substrates (11) . MICs were determined by serial twofold dilution in sBHI with 5 ϫ 10 4 cells/well as the inoculum. The plates were incubated overnight at 37°C with 5% CO 2 and scored for growth or no growth at 24 h ( Table 2) .
Inactivation of the RND transporters AcrA and AcrB, as well as that of the putative TolC, increased the susceptibility of H. influenzae to 16 of the 24 compounds tested. In all cases, the susceptibility profile of the putative tolC::kan strain matched those of the acrA::kan and acrB::kan strains. The chromosomal location of HI1462 indicates that it is not part of an operon, since adjacent genes are transcribed in the opposite direction Table 2 are consistent between the two mutant stains, as well as with the putative tolC mutant. The reasons for this difference are unknown.
Interestingly, the mutations in the H. influenzae AcrAB/ TolC pump do not confer sensitivity to chloramphenicol, tetracycline, or fluoroquinolones, all substrates of E. coli AcrAB/ TolC. Sanchez et al. (9) attributed this finding to a difference in permeability due to the wider porin channel in H. influenzae. These differences underscore the need to examine efflux pumps from one organism in other bacterial species.
Of the efflux pumps examined in this study, the AcrAB/TolC efflux pump is the primary H. influenzae efflux pump. These findings are in accordance with reports that other obligate organisms generally contain a limited number of multidrug efflux pumps (8) . However, additional regulatory and environmental factors may contribute to the ability of other efflux pumps to modulate drug resistance in H. influenzae. These factors include varying growth conditions and the presence of other substrates that may activate these or other unidentified pumps.
